T he rising plate meter (RPM) provides rapid estimates of herbage mass (HM) and could be a useful tool for producers to make accurate and efficient pasture management decisions (Bransby et al., 1977) . Forage measurements allow producers to determine appropriate forage allowance for optimal animal performance and to reduce feed costs (Ferraro et al., 2012) . In pasture-based dairy systems, accurate budgeting of available forage is crucial to maintaining milk production while maximizing limited pasture resources. However, accurate calibration of the RPM is difficult due to variability in sward composition and forage growth (Nakagami and Itano, 2013) .
The RPM is typically calibrated by linearly regressing RPM heights against corresponding forage clippings. Depending on the frequency of forage clippings, this can be tedious and time consuming for producers (Sanderson et al., 2001) . Furthermore, in multispecies swards, forage growth rates and habits are different throughout the canopy and can vary tremendously across pastures and grazing seasons (Ferraro et al., 2012) . Some researchers (Stockdale, 1984; Webby and Pengelly, 1986; E.B. Rayburn, personal communication, 2016) have suggested that the best fit calibration model for the RPM should be a second-order regression of RPM and RPM 2 against HM, with the regression showing zero HM when RPM height is zero. The objective of the current study was to determine the lowest frequency of RPM calibration to achieve acceptable estimate error and to determine if higher-order polynomial regressions with or without the X intercept forced to zero provided better estimates of HM than linear calibration regressions. We hypothesized that quadratic regressions with the X intercept set to zero would provide a more robust calibration equation and decrease the inherent variability in RPM estimates.
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Abstract: The rising plate meter (RPM) provides rapid estimates of herbage mass (HM). Accurate calibration of the RPM is difficult due to variability in forage management, growth, and species composition. The RPM is typically calibrated by linear regression of HM and RPM height; however, the r 2 is usually low. Curvilinear regression, with the X intercept set to zero, could provide a more robust calibration equation and decrease variability in RPM estimates. Three Pennsylvania organic dairy farms grazing lactating dairy cattle on multispecies pastures were used to determine measured HM and estimated HM using a RPM. Removal of the X intercept increased the adjusted r 2 of all equations between 42.8 and 89.0%. Use of quadratic and cubic regression only resulted in 0.01 to 0.02 increase in adjusted r 2 . Linear regression remains the simplest and preferred method of calibration; however, error can be reduced by setting calibration equations so that zero RPM height is associated with zero HM. 
Core Ideas
• The accuracy of rising plate meter in multispecies swards has not been tested thoroughly.
• Forcing X intercept to zero increases the precision of the calibration equations.
• Higher-order polynomial regressions do not result in more accurate forage estimates.
Procedures
Three rotationally grazed, organic dairy farms in Pennsylvania were used to collect pregrazing HM data. Forage samples were taken from pasture just prior to cattle entry. During each visit, 45 measurements were taken using a FILIPS RPM (Agriwoks, Ltd., Feilding, New Zealand) in three transects across each pasture. Fifteen forage clippings were taken at random locations along each transect using a 0.9-by 0.1-m 2 quadrat. In each pasture, a visual estimate of major plant species was made, and at each RPM measurement location, the percentage of grass, legume, weed, bare ground, and litter was recorded for determination of pasture botanical composition. Samples were taken at two or three dates within each season (summer and fall) at each farm. Summer samples were taken 23 Aug. through 20 Sept. 2012, and fall samples were taken 26 Sept. through 16 Nov. 2012.
Equations for estimating HM were determined by regressing measured HM against the corresponding RPM height to produce linear, quadratic, or cubic regression equations using Proc Reg of SAS (SAS Institute, 2013) . Equations were based on data from all farms and seasons (Pool), individual farm equations across seasons (Farm), seasonal equations across farms (Season), individual farm and season equations (F×S), a generic manufacturersupplied equation, and seasonal manufacturer-derived equations. For each calibration method, two equations were developed, one with no altering of the X intercept and another for which the X intercept was forced to zero. Each calibration equation was used to estimate HM for the remaining RPM measurements (those with no corresponding clipped forage). Accuracy and precision of each method were evaluated by regression procedures (SAS Institute). Ten percent was considered to be an acceptable amount of estimation error in HM (Sanderson et al., 2001 ).
Results and Discussion

Sward Botanical Composition
There was no difference (P > 0.242) in bare ground/ litter cover among farm, season, or F×S (6.3%). Weeds ranged from 9.4 to 32.2% of the pasture swards and included a variety of perennial and annual dicot species. During summer on Farms 1 and 3, the predominant forage species were cool-season perennial grasses and red and white clover (Trifolium pratense L. and T. repens L.); Farm 2 had a mixture of cool-season perennial grasses, warm-season annual grasses, and clover. During fall, all farms grazed a cool-season perennial grass-clover sward. In the summer, there was no difference (P > 0.175) in sward grass or legume percentage among farms (35.4 and 32.5%, respectively). During the fall, however, Farm 3 had the greatest (P < 0.001) and Farm 1 had the least (P ≤ 0.003) proportion of grass (81.9 and 16.2%, respectively), whereas Farm 1 had a greater (P < 0.001) proportion of legume than Farms 2 and 3 (60.6, 20.3, and 7.8%, respectively).
Estimation of Herbage Mass by Setting X Intercept to Zero
The X intercept of the calibration equations was significant in only 5 of the 72 different calibration regressions tested (data not shown). The adjusted r 2 increased between 24.3 and 90.8% in the 67 equations when the X intercept was forced through the origin (Table 1 ). In the X intercept-significant equations, the adjusted r 2 of all equations increased between 42.8 and 89.0%, when the X intercept was forced to zero. This suggests that even if the intercept is significant, the intercept should be set so that 0 RPM height corresponds with 0 kg dry matter HM ha -1 . The estimated HM was 553.2 to -27.7% of the measured HM when using the calibration equations with the X intercept and 17.7 to -10.4% when using calibration equations with the X intercept set to zero (Table 2) . Manufacturer-derived equations overestimated HM by 185.1 to 291.7% more than measured HM. For all farms, the equations that consistently produced the HM estimates with the lowest percentage difference were equations for which the X intercept was set to zero.
Estimation of Herbage Mass Using Different Calibration Methods
When comparing calibration methods, only calibration equations with X intercept set to zero were considered as they consistently provided the greatest adjusted r 2 and least estimate errors (Table 1) . On all three farms, . Farm 1 had the greatest adjusted r 2 (0.782) when pooled data was used, Farm 2 when F×S data was used (0.880), and Farm 3 when farm data were used (0.797). This was likely caused by the large variability in botanical composition and HM (1944, 1064 , and 1532 kg dry matter ha -1 , Farm 1, 2, and 3, respectively) during the summer. Estimates were 2.7, 3.1, and 3.5% lower than measured HM for Farm 1, 2, and 3, respectively (Table 2) . Bransby et al. (1977) also reported that frequent calibration of the RPM is necessary due to changes in pasture composition and growth rate throughout the year. Furthermore, it is not practical to expect a producer to use different methods of calibration each season; therefore, we suggest using F×S for all calibrations of the RPM.
Estimation of Herbage Mass Using Multiple Polynomial Regressions
When comparing multiple polynomial regressions, only calibration equations with X intercept set to zero and using the F×S calibration method were considered. During the fall on all three farms, the cubic regression provided a slightly greater adjusted r 2 than the quadratic or linear calibration equations (Table 1) . During the summer, the same trend was observed where Farm 1 and 3 only had a 0.02 increase in adjusted r 2 between cubic and linear calibration regressions and the adjusted r 2 of Farm 2 decreased by 0.01.
There was no pattern among farms to determine which polynomial regression would produce the lowest numerical difference between measured and estimated HM (Table  2) . On Farms 1 and 2, the cubic equation had the lowest numerical difference. On Farm 3, the quadratic equation had the lowest numerical difference. For on-farm estimated herbage mass and measured herbage mass. § Root mean square prediction error; RMSPE was decomposed into error due to overall bias of prediction, error due to deviation of the regression slope from unity, and error due to the disturbance (random variation; Bibby and Toutenburg, 1977) . ¶ Dry matter. purposes, there is likely no advantage of using quadratic or cubic regression-derived calibration equations for estimating HM using a RPM.
Conclusion
Given the added complexity of using the higher-order polynomial regressions, we suggest that linear regression is still the simplest and preferred method of calibration and that increasing calibration frequency (i.e., calibrating every season) would decrease errors in HM estimation using the RPM. In addition, setting the regression so that zero RPM equals zero HM (i.e., X intercept equals zero) can reduce the error in HM estimation considerably.
